Tissues undergoing morphogenesis impose mechanical effects on one another. How developmental programs adapt to or take advantage of these effects remains poorly explored.
INTRODUCTION
During development, the morphogenesis of one tissue can produce forces that directly impact the dynamics of its neighboring tissues (Savin et al., 2011; Lye et al., 2015; Morita et al., 2017) .
These interactions may play a role not only in controlling the correct development of each tissue and organ but also in coordinating them into an integrated system. Such role of intertissue forces is poorly explored due to the challenge of experimentally detecting and applying such forces and the lack of a framework that bridges developmental signals, cell dynamics and tissue mechanics.
Avian embryos are an ideal vertebrate system to address these challenges because of their large size and accessibility. The forming body axis provides a striking example of coordinated morphogenesis of multiple distinct tissues (Bénazéraf and Pourquié, 2013) . The axis forms in a head to tail (anterior to posterior, AP) sequence where tissues derived from the three germ layers are progressively added from a posterior growth zone (e.g. primitive streak, tailbud). The posterior movement of the growth zone lays down in its trail a conserved pattern of tissues which include the axial organs: neural tube (NT) and notochord (NC), and the flanking paraxial tissues: presomitic mesoderm (PSM), intermediate mesoderm and lateral plates ( Figures 1A-B ). While these tissues achieve similar lengths at the same pace, they exhibit very distinct cellular organization and elongation dynamics (Keller and Danilchik, 1988; Shih and Keller, 1992; Bénazéraf and Pourquié, 2013; Steventon et al., 2016; Colas and Schoenwolf, 2001; Glickman et al., 2003; Sausedo and Schoenwolf, 1993; Yang, et al. 2002; Bénazéraf et al., 2010; Dray et al., 2013; Bénazéraf et al., 2017) . First, the elongation of the NC and NT largely relies on intrinsic cell polarity-driven medio-lateral intercalation promoting convergence and extension along the AP axis. In contrast, the adjacent PSM shows limited convergence in the posterior body axis region (Shih and Keller, 1992; Bénazéraf and Pourquié, 2013) . Second, in NC and NT, cells exhibit an epithelial organization, move coherently and only limited cell rearrangements are seen, while in the PSM cells are mesenchymal, show 3 random cell movements and extensive cell mixing is observed (Colas and Schoenwolf, 2001; Bénazéraf et al., 2010) . Third, both NT and PSM rely on new cell addition from a specific subdomain of the growth zone called the chordo-neural hinge (or PD for progenitor domain) at the posterior end of the axis ( Figure 1A ). To enter the PSM, progenitors move laterally away from the medially located PD (Yang et al., 2002) . In contrast, NC lengthens mainly through cell rearrangement and differentiation with little addition of new cells (Sausedo and Schoenwolf, 1993; Bénazéraf et al., 2017) . These differences in cell behaviors lead to counterintuitive cellular dynamics such as sliding between PSM and NC cells with NC cells moving faster posteriorly than PSM cells, despite the two tissues appearing to elongate hand-in-hand ( Figure   1B , Yang et al., 2002; Glickman et al., 2003; Bénazéraf et al., 2017) . These observations raise the question of how do the PSM, NC and NT, which employ such distinct cellular processes to lengthen, coordinate their elongation during body axis formation?
Mechanical interactions between tissues might offer an answer to this question. The close proximity between the PSM, NC, NT and the PD means that the deformation of one would likely have a direct mechanical effect on the others. Indeed, it was found that ablating the posterior PSM (pPSM) greatly reduces the elongation rate of all tissues (Bénazéraf et al., 2010) . This finding suggests that the pPSM may produce forces that contribute to axial elongation. It was further hypothesized that cell motility in the PSM underlies force generation and posterior tissue expansion (Regev et al., 2017) . To test these possibilities, tissue and cell behaviors need to be observed in vivo with readout of tissue forces.
Here we used soft gels to replace different tissues in the elongating posterior body axis of chicken embryos to track the forces applied by the neighboring tissues. We found that the pPSM compresses the axial tissues. This extrinsic force adds to the intrinsic process of cell intercalation to promote convergence and elongation of the NT and NC. The compression requires FGF controlled cell motility in the pPSM while the NT cell intercalation requires Wnt/PCP (planar cell polarity) mediated cell polarity. Using an agent(cell)-based model that incorporates cell motility and polarity, we faithfully recapitulate the dynamics of cells and tissues under different experimental conditions. The model predicts that the advancing axial tissues create a pushing force on the PD, which we validated by gel deformation analysis. Surprisingly, the model also predicts that the cell emigration from the PD to the pPSM requires this axial pushing force. To test this hypothesis, we inserted a magnet controlled pin in place of 4 the posterior NC/NT (pNC/pNT) region to apply a posteriorly oriented force to the PD. This mechanical signal partially restores cell emigration and posterior movement of the PD (i.e. axial elongation). Together our findings reveal mechanical coupling between the PSM and axial tissues: the left and right pPSMs generate a bilateral compression of the axial tissues promoting their elongation. The axial tissues in turn push on the PD promoting PSM growth by new cell addition. These interactions form a self-sustaining positive feedback loop that prevents elongation offset from occurring between different tissues. Just like an internal combustion engine that self-refills fuel for the next cycle, expanding pPSM (combustion) forces axial tissues (piston) to drive PSM progenitors (fuel) out of the PD (fuel reserve). Our model thus provides a simple physical mechanism and an intuitive explanation of the striking robustness and coordination between tissues observed in embryonic body axis formation.
RESULTS

Cellular dynamics of axial and paraxial elongation
To set up a quantitative baseline of tissue and cell behaviors during body axis elongation, we performed live imaging of Tg(CAG:GFP) chicken (McGrew et al., 2008) embryos after labeling the mesodermal progenitors in the primitive streak and tailbud with DiI ( Figures S1A-B , Movie S1) between Hamburger Hamilton (HH) stages 8 and 14. During these stages, body elongation first follows the regression of the primitive streak and then the posterior movement of the tailbud. These movements result in the progressive formation of the NT, NC and PSM (among other tissues) at the posterior end of the embryo (Hamburger 1992) .
Using cell tracking ( Figure S1C ), we analyzed the movement of cells relative to the Node ( Figure 1C ). Both axially-localized cells (including NC cells and PSM progenitors in the PD) and paraxially-localized PSM cells are left behind by the Node but at increasingly different speeds ( Figure 1D , note that while some axial cells move posteriorly with the Node, others are left behind, resulting in a net negative average speed at the Node [position 0]). This speed offset reflects the rate of the posterior movement of the Node and the PD (i.e. the elongation rate). In early embryos, at the PD level of the PSM, cells move away from the midline while in the PSM flanking the NC, cells converge toward the midline ( Figure 1E , positive indicates medial to lateral movement). Similar dynamics occur in later stage embryos but at markedly 5 reduced average speeds ( Figure 1E ). The medial to lateral movement of progenitors at the PD level results in their joining the PSM on both sides of the axis (Figures S1D). The average speed of this movement thus serves as an indicator of PSM cell addition rate ( Figure 1E ). To assess the motility of these cells (Figures S1E), we fit the cell tracks with a diffusion model to separate the directional and non-directional components (Regev et al., 2017) . This allows us to assess the local motility or "cell diffusivity" in the PSM. A posterior to anterior motility gradient is observed in both early and later stages of elongation ( Figure 1F ). These cellular dynamics are consistent with previous studies (Kulesa and Fraser, 2002; Yang et al., 2002; Manning and Kimelman, 2015; Bénazéraf et al., 2010 Bénazéraf et al., , 2017 . Posterior PSM exerts a lateral to medial compression on the axial tissues To investigate how the pPSM affects the axial tissues, we performed bilateral ablations of the pPSM ( Figure 2A ). Interestingly, both pNC and pNT remained wider even after PSM cuts closed, suggesting impaired tissue convergence ( Figures 2B-C) . Correspondingly, the elongation rate of the operated embryos reduces drastically ( Figures S2A-C) . These data show that the pPSM is required for the convergence and elongation of the axial tissues. To test if the pPSM functions as a barrier that passively confines pNC/pNT to prevent their lateral expansion, we replaced the pPSM with a stiff alginate gel. The gel-flanked portions of pNC/pNT remained wider ( Figure 2D , n=4/4), suggesting that the pPSM actively compresses the axial tissues. To detect this compression, we replaced the pNC/pNT with a soft alginate gel (Gelation is performed using 1% alginate at 10mM Ca 2+ or in vivo to reduce gel stiffness to the order of 100
Pa [Banerjee et al., 2009] When a motility gradient is added across the field of PSM cells, the high motility region (corresponding to the pPSM) shows a diffusion-like expansion ( Figure S3C ) on the tissue level that reproduces observations in isolated PSM explants (Palmeirim et al., 1998) . When this expansion encounters a lateral boundary, such as the axial tissues, a pressure gradient parallel to the motility gradient is recorded ( Figure S3D ). To test this pressure gradient in vivo,
we replaced the aNC with gels to compare with the pNC (Figures S3E-F) . In contrast to the pNC, gels replacing aNC show minimal deformations ( Figure S3G ). In addition, the top view area, which reflects how much the gel was compressed from the circumference over time, reduces significantly for the pNC gels while showing a slight increase in the aNC gels ( Figure   S3H ). These data are consistent with the pPSM (but not the aPSM) generating compression in the region of maximal cell motility ( Figure 1F Denans et al., 2015] ). A combination of the PSM motility gradient, the polarization of axial cells and the cell addition from PD produces sustained and marked axial convergence and elongation in silico ( Figure 3B , Movie S3).
To test the key cell behavior assumptions (motility and polarity) of the model specifically and non-invasively, we considered the molecular signals known to control these cell properties.
FGF signaling is known to control the cell motility gradient in the PSM (Bénazéraf et al., 2010) . pNT and pNC cells exhibit cell polarity which promotes active medio-lateral intercalation driving intrinsic tissue elongation (Keller et al., 2008; Williams et al., 2014) . In amphibian embryos, interfering with PCP by disrupting the posterior WNT5 gradient reduces axial convergence and elongation (Moon et al., 1993; Wallingford and Harland, 2001 ). We tested whether disrupting medio-lateral cell intercalation by WNT5A also interferes with axis 11 elongation in the chicken embryo. We injected WNT5A protein into the anterior portion of the pPSM, where endogenous expression is low (Chapman et al., 2004) . This efficiently slowed down axial elongation while control injections of buffer, WNT10A at the same location, or Figure 1E ). In the simulation, as there are no additional assumptions beyond cell motility and mechanical pushes between cells, the lateral emigration is promoted simply as the elongating axial tissue pushes the PD posteriorly and occupies the midline space (Movie S5). Indeed, our cell tracking (both in simulations and imaging experiments) shows that, following axial ablation, the medio-lateral (ML) speed of cells exiting the PD is reduced along with the elongation rate (Figures 5B-E, Movie S7), indicating that the rate of PSM growth is slowed down. Furthermore, the motility gradient is not sustained ( Figure 5F ) due to reduced addition of motile cells. These results suggest that the axial tissues not only push the PD posteriorly, but in doing so also promote cell addition into the pPSM thus extending PSM length and sustaining the motility gradient. However, a more definitive test of this hypothesis would require direct application of pushing forces on the PD in place of the axial tissues.
16 Externally applied axial push rescues PD posterior movement and cell addition to the PSM To apply an ectopic pushing force on the PD, we first performed an ablation of the pNC and then inserted a steel pin through the NT at the ablation site immediately anterior to the PD 17 ( Figure 6A ). The main portion of the pin resides in the semi-liquid culture medium thus the pin can rotate around the vitelline membrane entry point ( Figure 6B ). In this way, the pin acts as a lever which can be controlled remotely using magnets, allowing a pushing force to be applied towards a specified direction ( Figure 6C ). Embryos with clean and minimally invasively inserted pins were incubated for 4 hours with or without the magnets and then imaged without the pin (live imaging was not feasible with the pin and magnet setup). In the absence of the magnet, the pin stands straight and axis elongation and PSM cell addition are slowed down as indicated by a reduction of both PD posterior movement and medial to lateral spread of labeled progenitors ( Figures 6D-G) . Strikingly, when the magnetic field was present to let the pin push along the posterior direction onto the PD ( Figure 6C ), both the posterior movement of the PD and the medial lateral spread of PSM progenitors were partially restored ( Figures 6D-G ). This rescue experiment shows that an external mechanical push can mimic the axial pushing force to drive the PD to move posteriorly and to add new cells to the pPSM. Coupling cell dynamics and tissue forces results in a self-sustaining elongation engine
Our findings show two mechanical interactions between tissues in the elongating body axis:
the medio-lateral compression of axial tissues by the pPSM and the axial push on the PD by axial tissues ( Figure 7A ). In addition, the axial push on the PD drives new PSM cell addition to sustain pPSM growth and cell motility, thus forming a positive feedback loop ( Figure 7B ). This simple cross-talk ensures a tight coordination between elongation of axial and paraxial tissues, which would be difficult to achieve with separate tissue-intrinsic elongation programs. Our model predicts that co-elongation will be disrupted (i.e. length offset between tissues will emerge) as a result of breaking the feedback loop ( Figure S6A ). In fish, the equivalent of the PD (called Dorso-Medial Zone) exhibits coherent cell movements suggesting an epithelial-like organization similar to that of the epiblast before cells migrate into the PSM. We showed that the axial pushing force on the PD regulates this lateral migration of PSM progenitors in chick. However, whether a mechanistic link exists between the axial force and the EMT of progenitors remains to be investigated. On one hand, we found that in the absence of axial tissues, the PSMs from both sides merge and 21 continue to grow from the PD and eventually form somites (which are larger and mis-located) indicating normal PSM differentiation, suggesting that the axial force controls morphogenesis but not cell fate specification. On the other hand, we found a decrease of PSM cell motility in axial ablation experiments suggesting that the axial push may be necessary for the upregulation of FGF signaling in the PD, which is important for both EMT and PSM cell motility (Sun et al., 1999; Bénazéraf et al., 2010) . Interestingly, mechanically driven FGF upregulation was recently reported in the context of branching morphogenesis in the embryonic lung explants (Nelson et al., 2017) . Future studies involving transgenic markers/signaling reporters and live imaging at higher resolution in conjunction with mechanical perturbations will be important to test these possibilities. Consistent with this hypothesis, fibronectin fibers in the posterior PSM follow a movement pattern that is identical to the average movement of the cells (Bénazéraf et al., 2010) . Unlike the cells, the fibers do not show local random movement. The requirement of cell motility interacting with the ECM to produce tissue forces in the PSM is further supported by the observation that knocking-down fibronectins causes decoupling of PSM and NC tissues, resulting in an undulating NC and a shortened axis in zebrafish .
In addition to producing compression on the lateral sides, the pPSM expansion should also create an anterior to posterior pushing force alongside the axial tissues given that the underlying cell motility is random (Regev et al., 2017) . The presence of this force is supported by the observation that PSM tissue can elongate on its own posteriorly without NC (Charrier et al., 1999 ; this study). While this pushing force appears weaker compared to the axial force according to our gel explant experiments, it might contribute to axial elongation by stretching NC/NT through inter-tissular shear forces in the posterior end. On the other hand, however,
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NC cells move faster posteriorly than PSM cells at most antero-posterior levels raising the possibility of NC carrying forward the PSM tissue through shear instead. To distinguish these hypotheses, it is important to design and adapt quantitative tools of mechanical measurement for very small (orders of 10-100µm) live embryonic tissues (Serwane et al., 2017) .
Robustness and self-maintenance of axis elongation in a coupled system
Our findings reveal a mechanical positive feedback loop coordinating elongation across germ layers. This situation is reminiscent of that observed during elongation of the drosophila embryo where extrinsic forces generated by the mesoderm and the invaginating gut, coupled with intrinsic forces from cell reorganization, lead to AP extension of the epithelial germ band (Butler et al., 2009; Lye et al., 2015; Collinet et al., 2015) . In addition to coupling between distinct tissues during elongation, this kind of mechanical interactions may also provide robustness to other features of axis morphogenesis. For example, in our system, the FGFdependent PSM cell motility sets a relationship between pPSM expansion and cell density, such that the compression on axial tissues increases when motile cells become more packed.
This means that temporarily slower axial convergence will elicit stronger compression leading to correction. Such a mechanism could also play a role in ensuring the robustness of straight elongation (bilateral symmetry), as bending to one side will encounter increasing resistant pressure that increases with curvature, making it difficult to form large curvatures. This might provide a mechanical explanation to the recent observation that disordered cell motion in the posterior PSM is required for bilateral symmetry of paraxial mesoderm formation (Das et al., 2017) .
Our model also explains the self-maintenance of axis elongation. Transplantation of the Node to an ectopic location such as the area opaca can induce a new embryonic axis which undergoes posterior elongation similar to that of the endogenous AP axis (Waddington 1932).
Our model shows that elongation does not require either the formed portion of the axis or any global cues, but only a minimal set of tissues (namely pPSM, pNC/pNT, and PD) arranged around and inducible by the Node (the initial symmetry-breaking). As long as a PD (the fuel tank) that produces high motility PSM cells (combusting fuel) continues to function under the corresponding inductive signals, the positive feedback loop (the engine) can kick start locally and drive posterior Node movement, leaving a patterned body axis behind. Figure S1 . Live imaging and cell tracking in the elongating chicken embryo, related to Figure 1 Dye labeling, injections, and electroporation 3-14ss embryos were used for cell labeling. 2.5mg/ml DiI in ethanol was diluted in PBS to 0.5mg/ml before injection. The injection solution was loaded into a sharp-tipped glass needle and injected by mouth pipetting from the ventral side of the embryo into spots in different tissues (e.g., PSM, NC, the Node, and primitive streak). For over-expression of transgenes, DNA solutions were injected from the ventral side into the anterior primitive streak of HH stage 4-5 embryos, followed by electroporation using a NEPA21 type II electroporator (NEPA GENE) in PBS. The pulse setting is at 6V, 150ms interval, 25ms duration per pulse, and 3 pulses per embryo. For PSM expression, the electrode targets the anterior primitive streak (the injection site). For NT expression, the electrode targets the area slightly anterior and flanking the Node.
Embryos were checked for fluorescence and development 12hr later. Poorly developed and low/miss expressed embryos were excluded from imaging and analysis. For the induction of dnFGFR1 expression in the PSM, embryos were incubated on plates with 2μg/ml of doxycyclin (Sigma). Imaging was started 2-3hrs after the incubation started to allow transgene induction.
FGF signaling inhibitor PD173074 (Sigma) was solved in DMSO and diluted to 2µM in PBS before use. ~20µL solution or DMSO control was dropped on each cultured embryo on the ventral side. For injections of PBS, WNT5A and WNT10 (R&D systems, recombinant human/mouse), 10µg/mL protein solution in PBS was loaded in a glass pipette and injected into the anterior portion of the pPSM close to both sides of the NT/NC, or into the NT apical side directly through the NC and floorplate.
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Surgeries, transplants, gel implants, and magnetic pin experiments 8-12ss embryos were used for surgery experiments. Surgeries were performed under a Leica M90 dissecting scope. Cutting was performed with an electrolysis sharpened steel or tungsten needle from either the ventral or dorsal side, for PSM/NC or NT, respectively. In the ventral surgeries, endoderm was cut open first and gently peeled aside, followed by shallow cutting into the mesoderm while avoiding damaging the neural ectoderm and epiblast. In the dorsal surgeries, the vitelline membrane over the surgery site was first slit in the middle and gently peeled on either side to make a triangular shape opening, followed by cutting around the neural plate/NT area, care was taken to minimize damage to NC and endoderm. The wound areas were gently brushed by the needle to removal cells. For transplant, the comparable region of the donor was cut intact and moved out of wound with a tungsten rod.
The tissue was then transferred with a micropipette loaded with PBS to the host. 0.5% agarose with a modulus in the order of 1k Pa [Markert et al., 2013] , data not shown).
Between 20 to 45min of healing and integration was allowed before mounting the host for imaging. For steel pin (MINUCIE, stainless, No.15, ~40µm) insertion, the tip of the pin is cut to around 1cm long. The pin is held with a tweezer and inserted between the neural folds into the culture medium from the ventral side after pNC ablation until only a small head remains level with the embryo. The embryo culture dish is placed in a bigger dish where the magnet is placed. Both distance and angle from the embryo to the magnet are adjusted by hand under a dissecting microscope to get optimal pin movement. The magnet and angle are fixed once
proper pin rotation and tissue deformation under the pushing force can be seen and the configuration stays the same through a 4hr incubation.
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Imaging Bright field and fluorescent images of the embryos were taken with a Leica M205 fluorescent microscope. Embryo culture dishes were kept in a slide box with wet paper towel.
The box was kept in the egg incubator at all times except image taking (~5 minutes for 10 embryos). For confocal timelapse imaging, the embryo (cultured as explant on filter paper) was mounted ventral or dorsal side down on a 50mm glass bottom dish (MatTek) pre-warmed to 37.5℃. A thin layer of albumin-agarose medium (200µl) and underlie these behaviors, although they act with a number of other interactions that should be accounted for in the model. For simplicity and feasibility, the tissue is modeled as a field of cells on a 2D plane with boundaries. The field is seeded with a finite number of cells (much fewer than in actual tissues for feasibility but geometry and proportions are kept) with user defined properties including position, velocity and cell type ( Figure S3A ). Time is introduced as number of iterations for the field to evolve. At each iteration, a cell receives a net "force" defined by its position, previous velocity, type, and motility ( Figure S3B ). This force causes it to change position and velocity. Collectively the field evolves to a new pattern. Additionally, functionalities are build-in to allow new cells to be added or specific cells to be removed during simulation, to provide tools for assessing progenitor addition and tissue surgery experiments. A chemotaxis gradient generator is also included but was kept off for the present study.
Model design and protocol
To use the model, copy all provided scripts to the working folder of Matlab. Run simulation.m. In this script, a user can define the geometrical and interaction parameters (to be discussed in detail in the next section), as well as number of iterations in one simulation, rounds of independent simulations, and whether a perturbation cut on the tissue is performed (to be discussed in detail in the section after the next). The default set of parameters produce the "Control" simulation as reported in Movie S3. To create a similar movie, specify a "moviename" string variable and use command:
" >>makemovie2(Data,N+NewN,chemoN,tipN,NCN,boundary,moviename)"
The model includes both symmetry breaking and non-symmetry breaking assumptions.
The former dictates the emergent patterns of the field. The assumptions and their rationale and impact are listed below:
Model assumptions
Symmetry breaking:
1. Geometrical layout: in the standard configuration, the model places the NT/NC cells (analogously referred to as NC cells in subsequent descriptions and the model codes) in between two flanking PSM cell groups (controlled by parameter NCN assigning NC cell type to the designated cell ID numbers). The progenitor domain that adds new PSM cells is placed
